Abstract: Seed samples of eighteen taxa from four sections in Linum were examined for diagnostic and taxonomic utility of the surface microstructures. Considerably different patterns were distinguished at specific and infraspecific levels. Similar sculpturings in closely related taxa and some common surface features for sectional groupings were observed. Smooth surface textures in sect. Linastrum, granulate-ruminate in sect. Dasylinum and rugulose structure in sect. Linum were typical characteristics. Sect. Syllinum exhibited miscellaneous patterns. Seed coat sculptures may be utilized as additional consistent parameters in the infrageneric delimitations and taxonomical association of Linum.
Introduction
The genus Linum with about 200 species has large distributional areas in subtropical zones of Asia, Mediterranean area, North and South America (Davis 1957 (Davis , 1967a Ockendon & Walters 1968; Yuzepchuk 1974; Meikle 1977; Agnew 1980; Zohary 1987) . Anatolia and Balkans exhibit large diversity for this genus. Turkey is an important origin center for Linum including 38 species, 20 infraspecific taxa and 44% endemism ratio at specific level (Davis 1967b) . Linum pamphylicum (Boiss.) Podp. subsp. olympicum G. Kaynak &Ö. Yılmaz subsp. nova recently added to the checklist of Flora of Turkey (Yılmaz et al. 2003) . New combinations and subspecies were also proposed (Yılmaz & Kaynak 2006a,b) . 23 endemic and 6 non-endemic rare plants which are very locally distributed in Turkey were listed at different threat categories of International Union for Conservation of Nature (IUCN) (Ekim et al. 2000) . On the other hand, Linum is a genus with high industrial potential. L. usitatissimum is cultivated in large scale for oil and fiber production in the world (Freer 1992; Rennebaum et al. 2002) . Linum species also contain some bioactive molecules having antibacterial, antiviral and antitumoral effects that could be used effectively in medicine (Smollny et al. 1998; Xia et al. 2000; Vasilev & Ionkova 2005) . Linum possessing seeds which are lack of specialized means of dispersal have also a rather limited distribution resulting in many local endemics. The rich diversity, transition and variability of some characters, intermediate and variant specimens, synonymous, very distinctive species deserving separate sections, indigenous cultivars and species imperfectly known make it taxonomically a difficult genus and needed modern monographic treatment (Davis 1967b) . Biosystematic studies were reported to be in need for explaining the relationships, identity and taxonomical status of Turkish material (Davis 1967b) . Annual or perennial characteristics, colors of petals, sepal morphology, presence of stipular glands, length and the hairy or glabrous features of capsules, shape and length of fruiting pedicels, inflorescence type, structure of stigmas and stems are some key characters at sectional and species delimitation. But, existence of little information is available for environmental influence on these features (Davis 1967b) . Morphological data including 36 characters was also reported to segregate 16 Linum species in a phenogram according to the sections identified for the genus (Sharifnia & Assadi 2002) . Such morphological characteristics are sometimes not sufficient for taxonomic delineations in related species and closely on infraspecific levels. Great numbers of literature on taxonomy of Turkish Linum were published based upon morphological criteria (Boissier 1867; Huber-Morath 1943; Davis 1957 Davis , 1967a Van 1972; Güner et al. 1996) . In a modern monographic treatment of Linum, consistent parameters and additional detailed information for taxonomic and phylogenetic analysis of the diversity are needed in addition to descriptive morphology.
It was reported that separations of four sections based on anatomical features of stems such as hairy or glabrous characteristics, presence or absence of epi- dermal projections, collenchymatic bundles and hypodermis could be accomplished. Additionally, some anatomical features of the leaves as distinguishing data are sufficient to identify some Turkish Linum species included in this paper (Özhatay 1979) . In addition to morphology-based delineations of sections and species (Winkler 1931; Ockendon & Walters 1968) , chromosome numbers (Rogers & Mildner 1978; Gill & Yermanos 1967; Seetharam 1972) , pollen morphology (Rogers 1985; Akıncı &Özhatay 1990) , comparative anatomy based on leaves and stems transverse sections (Sharifnia & Albouyeh 2002) , characteristics of bast fibers (Fahn 1989) , chemical investigations of fatty acid profiles and the compounds (Rogers 1972) , tocopherol and plastochromanol (Velasco & Goffman 2000) , and the storage protein (Sharifnia & Assadi 2003) in the seeds also show sectional and species differences. In recent years random amplified polymorphic DNA (RAPD) and amplified fragment length polymorphism (AFLP) data have been collected to asses the genetic diversity of cultivated flax and to discern the genetic structure of extant flax germplasm (Everaert et al. 2001; Fu 2002a) . Variation analysis using restriction fragment length polymorphism (RFLP) and RAPD were also carried out in different population of L. usitatissimum (Oh et al. 2000; Fu et al. 2005) . In a phylogenic study, alleles of stearoyl-ACP desaturase II (sad2) in cultivated and pale flax were analyzed to elucidate the history of flax domestication (Allaby et al. 2005) . Taxonomic species delimitation and phylogenic relations within the genus Linum are in need of clarification. Using scanning electron microscope (SEM) techniques in taxonomy have provided characteristic data on the surface patterns of vegetative and generative organs in different plant groups (Brisson & Peterson 1977; Barthlott et al. 1984 Barthlott et al. , 1998 Özcan 2002) . The epidermal patterns being genetically fixed might not alter with large representative samples (Chakrabarty & Mukherjee 1986 ) and real genotypic variability of surface sculpturing is very small (Skvortsov & Rusanovitch 1974) . Besides diagnostic utility at infraspecific level, seed surface ornamentations were reported to be useful parameters for groupings above the species level as well, and species identification in a diagnostic key based on fruit surface patterns was recommended (Özcan 2004).
In the Flora of Turkey, seed features of Linum have not been included in the descriptions of taxa as taxonomic character. But, seeds of Linum usitatissimum were reported to be classified based on shape and color traits as quantitative descriptors in computer image analysis (Dana 2007) . No any study was reported for seed coat sculpturing in Linum taxonomy. In this study, it was aimed to make a contribution to taxonomical revision of Linum in Turkey with additional SEM information. For this purpose, eighteen taxa including five endemics from four sections recorded in the Flora of Turkey were examined for the delimitations at infrageneric levels based on SEM structures of seed surfaces.
Material and methods
Seed samples of 18 Linum L. taxa from 14 species representing all four sections in the Flora of Turkey were ob- 
tained from the field gatherings and herbarium specimens of Herbarium of Faculty of Sciences of Istanbul University (ISTF). The investigated taxa and their reference numbers were listed in the table (Table 1 ). All taxa were determined using Flora of Turkey. Voucher specimens were kept in ISTF herbarium. Matured seed samples were obtained from 3-4 individuals for each taxon and 5-6 seed samples were mounted on stubs using double sided adhesive tape. Each sample was coated with 100-200Å thick layer of gold in Polaron SC 7610 Sputter Coater for 90 + 90 seconds, using 9-10 mA and 10-1 mbar. Seed surfaces were scanned with JEOL JSM 5600 SEM at 5 KV accelerating voltage. The pictures obtained with all surface scanning of seed specimens at selected magnifications (×700-3000) in order to observe discriminative patterns of taxa reflect the general surface characteristics of each taxon. SEM pictures of 10 taxa representing some characteristic features of the sections, descriptions of the seed surfaces and the table showing characteristic traits for all taxa were presented according to the sectional groupings in Flora of Turkey. Observations on the surface sculpturing of the seeds as the descriptive terminology in Stearn (1973) , Chakrabarty and Mukherjee (1986) and Barthlott et al. (1998) were carried out uniformly in all taxa. Threatened category of rare and endemic taxa according to "Red Data Book" of Turkish plants (Ekim et al. 2000) were also declared for each taxon.
Results
All taxa from four sections in this study were evaluated based on surface pattern, cell wall and shape of cell. Seventeen characters were determined in order to delineate taxa. Characteristic differences were observed at sectional, specific and infraspecific levels. Figs. 1-10. Surface sculptures of the seeds in Linum mucronatum subsp. armenum (1), Linum nodiflorum (2) from sect. Syllinum; Linum trigynum (3), Linum strictum var. spicatum (4) from sect. Linastrum; Linum hirsutum subsp. anatolicum var. platyphyllum (5), Linum hirsutum subsp. byzantinum (6), Linum hypericifolium (7) from sect. Dasylinum; Linum tenuifolium (8), Linum nervosum (9), Linum aroanium (10) from section Linum.
surface cells occurring declined walls on slightly undulate ground. Linum strictum L. var. strictum: Reticulate pattern of isodiametric and smooth surface cells having striate walls (Fig. 4) . (Fig. 5) . Linum hirsutum L. subsp. byzantinum Azn.
(Rare-VU): Reticulate-ruminate type pattern with conspicuous striate cell boundaries exhibiting dense textures of interconnected thin elevations (Fig. 6) . Linum hypericifolium Salisb.: Reticulate-rugulose-ruminate sculpturing formed with rectangular cells having declined walls and rough surface pattern of continuous rugulose elevations (Fig. 7) . Sect. Linum: Linum nervosum Waldst.: Reticulate-rugulose type structure with slightly declined and ribbed cell wall, and longitudinal cuticular foldings on surface (Fig. 8) .
Linum aroanium Boiss. & Orph: Reticulate-rugulose type pattern exhibits longitidunal dense foldings and elevated ribbed walls (Fig. 9) . Linum tenuifolium L.: Reticulate-scabrouse type sculpture with striate cell boundaries and densely thin foldings interconnected with each other in the high magnification (Fig. 10) . Linum bienne Miller: Reticulate-smooth surface pattern with ribbed cell walls on the undulate ground.
Discussion
Compared to pollen grains, seeds are highly complex structures exhibiting a vast diversity of taxonomically applicable characters and seem always to reflect genetic-phylogenetic differences in the plants concerned. Seed surface features are grouped as cellular arrangement, shape of cells (primary sculpture), relief of outer cell walls (secondary sculpture) and epicuticular secretions (tertiary sculpture) (Barthlott 1984) . In our observations covering eighteen taxa from four sections, some characteristic differences and similarities that are useful for diagnosis and taxonomy at specific and infraspecific levels were observed. The surface patterns of the seeds exhibit reticulate type primary sculpture in common. High diversity of surface ornamentations may reflect taxonomically reliable generic characteristics in this genus. In addition to diagnostic utility of these microcharacters showing minor phenotypical variations, they may have phylogenetic significance expressing evolutionary processes. While taxa from sect. Syllinum exhibited miscellenous type seed surface features, sect. Linastrum has smooth surfaces of their seeds. Granulate-ruminate pattern in sect. Dasylinum and rugulose structure in two species of sect. Linum are considerable surface characteristics in general. Multi-circular appearance of stems in transverse sections was reported to be a common feature among species from sect. Syllinum and could not be seen in other Linum species and therefore supports their membership together under a separate section (Sharifnia & Albouyeh 2002) . In yellow flowered both species from sect. Syllinum, Colliculate-tuberculate type pattern in Linum tauricum subsp. bosphori and nodulate sculpturing in Linum nodiflorum (Fig. 2) are the distinctive differences. Linum tauricum subsp. bosphori differs from subsp. tauricum in the shorter leaves of the sterile shoots, flowering stems with a persistent basal rosette, less attenuate sepals and more spreading cymes according to Flora of Turkey. L. tauricum subsp. bosphori also exhibits the shorter fiber length (app.3.80 mm) between the investigated taxa (Özhatay 1979). A characteristic surface pattern (colliculate-tuberculate) for this species may be evaluated at infraspecific delimitation as additional trait. Linum mucronatum was reported to be a very variable species and four often intergrading subspecies were recognised in the Flora of Turkey. L. mucronatum subsp. armenum and L. mucronatum subsp. orientale differed with some key characteristics of leaf and stem morphology, petal colors, features of inflorescence. It is also possible to delineate both subspecies of Linum mucronatum from this section with cell shape and the wall structures in SEM observations (Fig. 1) . On the other hand, Linum mucronatum subsp. gypsicola var. papilliferum, endemic for Turkey, was transferred to the endemic species L. All taxa from sect. Linastrum in Flora of Turkey were descripted for seed surface patterns in this paper. Linum trigynum and Linum corymbulosum from this section as closely related species often confused with each other are distinguished based on smooth leaves and smaller parts of generative and vegetative organs in Linum trigynum. A diagnostic key based on some anatomical structures of the leaves was proposed to delineate these species (Özhatay 1979) . L. corymbulosum with elevated cell structure and L. trigynum with smooth surface and striate cell wall on the seeds (Fig. 3) could also be discriminated in this study. The other closely related taxa from this section, Linum strictum var. spicatum forms a spike-like panicle, but trapeziform panicle in var. strictum is present. As anatomical diagnostic characters, conical or papillose type indumentum throughout the epidermis of the leaves in L. strictum var. spicatum and the both surfaces in the midrib area and prominent epidermis in var. strictum were also reported (Özhatay 1979) . Two varieties grow often in different localities and some intermediate specimens have been reported in the Flora of Turkey. Linum strictum var. spicatum differed from var. strictum (Fig. 4) with its declined cell walls on slightly undulate ground on the seeds surfaces. Sect. Linastrum has small yellow flowers with 3-8 mm petals and capsules of 2-3 mm according to the diagnostic key to section (Davis 1967b) . Comparative stem anatomy revealed some differences in thickness and density of different tissues among species including L. corymbulosum and L. strictum (Sharifnia & Albouyeh 2002) . Smooth and reticulate surface patterns of the seeds in this section may be considered additionally. The species which are alpine and grow in somewhat xeric conditions have either depositions of waxes or low ridged or low-domed (colliculate-like) surfaces (Chakrabarty & Mukherjee 1986 ) resulting in increased reflection of incident light (Kay & Stirton 1981) . Smooth surface patterns observed in sect. Linastrum as Mediterranean element may serve to bring surface temperature to its optimum for seed germination.
The four recognized subspecies and two varieties of Linum hirstum as Iran-Turan element from sect.
Dasylinum have large distribution zone in Anatolia. Some subspecies are broadly sympatric, but usually grow in different localities. Linum hirsutum subsp. anatolicum var. anatolicum and var. platyphyllum as endemic taxa were identified in the dichotomic key with semi-amplexicaul features, width and the nerve numbers of the leaves, and stem characteristics. Subspecific rank for var. platyphyllum was recommended in the Flora of Turkey. Although both varieties of Linum hirsutum subsp. anatolicum exhibit very similar surface features of the seeds, ground undulations, shape of cells and structures of surface typology show some distinctions. Besides, Linum hirsutum L. subsp. byzantinum reflect the general seed surface characteristics of its species. Simple unicellular long hairs were reported to present on both surfaces of the leaves in subsp. byzantinum (Özhatay 1979) . This taxon differed from Linum hirsutum subsp. anatolicum var. platyphyllum (Fig. 5) by relatively thiner cuticular foldings and a polygonic cell shape (Fig. 6) . However, considerable similarity to Linum hirsutum subsp. anatolicum var. anatolicum was observed. Linum hypericifolium distributing in north-east Turkey and Caucasia exhibits remarkable distinction with rough textures of ruguloseruminate pattern (Fig. 7) compared to Linum hirsutum that is morphologically the nearest species to it (Davis 1967b) . Both species are separated based on using lax or compact cymes, the nerve numbers and the shape of leaves, and length of petal claws. In general, sect. Dasylinum exhibits rough sculpturing of granulate-ruminate patterns that probably serve to capture the optimum water and light for germination. Although different habitat conditions such as IranTuran and Euro-Sibirian, similar surface features in the species from this section may explain genotypic affinities rather than phenotypic adaptations.
As allied species from sect. Linum, Linum nervosum (Fig. 8) differs from Linum aroanium (Fig. 9) with its 3-nerved leaves and petal morphology. Linum aroanium was reported to have 1-nerved leaves and smaller petals, and rather variable in sepal shape. The presence of lignified cells in xylem and very few sclerenchymatic fibres in phloem for this species are some anatomical features of the leaves as diagnostic characters (Özhatay 1979) . Anatomically, variations in leaf anatomy and stem transverse sections are noticeable in sec. Linum as a heterogeneous group (Sharifnia & Albouyeh 2002) . Additionally, these species from sect. Linum exhibit very similar surface patterns with densely longitudinal rugulose foldings, but the differences in shape and connection of cells and the cell wall structures are the discriminative features. Morphological (Diederichsen & Hammer 1995) , genetic (Gill & Yermanos 1967) , and molecular (Fu et al. 2002b ) evidence suggest that Linum bienne is probably the wild ancestor of Linum usitatissimum that is grown for its fibre (flax) and linseed oil. This species with long fibre length crosses and produces fertile offspring with cultivated flax (Tammes 1928) . Convex epidermis on the midrib on both surfaces, onelayered and continuous palisade parenchyma were also the other diagnostic features for this species (Özhatay 1979) . Ribbed cell wall and smooth surface pattern in undulate ground are also characteristic differences in Linum bienne from sect. Linum. L. usitatissimum as an annual species is different with larger capsule and sepals compared to Linum bienne having fully dehiscent smaller capsules and sepals. Linum tenuifolium from the same section can be distinguished from Linum bienne by striate cell wall structure and scabrouse surface sculpturing (Fig. 10) . Miscellaneous sculpturing in sect. Syllinum may reflect high allele frequency or existence of a few synapomorphy based on surface patterns. Endemism ratio in this section compared to the others in Flora of Turkey is also relatively high. New groupings in this section may be proposed with comprehensive revision using multiple characters.
Considering more genotypic stability of generative characters compared to the phenotypic variations in vegetative organs, some characteristic sculpturings may explain phylogenic affinity reflecting common ancestral stocks in order to reconsider sectional establishment. Extensive scale to test phenotypic variability of the seed surface characteristics are worth investigations more in individuals of a widely distributed taxon than in plants of local endemics. But, a range of material and different stages of development should be considered in order to utilize this parameter as a fingerprint of a species. The results obtained are generally in agreement with established taxonomic associations and the taxon relations in Flora of Turkey. The Linum genepool of Anatolia has great potential in the genotypes for alternative genetic resources for cultivations and crop improvement. Seven endemic and rare plants including Linum tauricum subsp. bosphori and Linum hirsutum subsp. anatolicum var. platyphyllum at higher threat of extinction category need to be preserved in ex-situ collections which would maintain the germplasm and taxa accessions. Smooth, granulate-ruminate, miscellaneous and rugulose sculpturing of seed surfaces may indicate the different phylogenetic lineages in Linum. It may also be possible to identify of Linum species using a seed specimen only arranging a database of the germplasm collections providing information on the surface patterns.
